Each year, in sub-Saharan Africa, more than 30 million women are exposed to the risk of developing pregnancy-associated malaria (PAM) [1] . Pregnancy-associated malaria is a major cause of maternal and fetal anemia, fetal growth restriction, preterm birth, and low birth weight (LBW) [2] . Pregnancy-associated malaria is caused by the adhesion and the sequestration of Plasmodium falciparum-infected red blood cells (iRBCs) in placental intervillous spaces [3] . Adhesion of iRBCs in the placenta is mediated by a single var gene, VAR2CSA [4, 5] , the PfEMP1 variant that interacts with chondroitin sulfate A (CSA) on syncytiotrophoblasts [6] [7] [8] .
Primigravid women are the most susceptible to PAM because they lack specific protective immunity. Indeed, previous studies have shown that the level of VAR2CSA-specific antibodies increases with gravidity [9] [10] [11] , and that the presence of these antibodies in the placenta is related to better pregnancy outcomes [12] . These antibodies inhibit the binding of iRBCs to CSA [13] . Women with higher plasma binding inhibition ability at delivery are less susceptible to PAM and to give birth to a LBW baby [11] . The genetic background of mothers may have an impact on the ability of surface-expressed VAR2CSA to mediate interaction with endothelial receptors.
Hemoglobin (Hb) S, responsible for sickle cell disease, results from a genetic mutation (Glu6Val) (rs334) at the sixth position within the β-globin chain (HBB, chromosome 11) of normal Hb (HbA) [14] . Hemoglobin S is highly prevalent in human populations living in malaria-endemic areas. The highest frequencies of HbS are observed in sub-Saharan Africa, the Middle East, and India, up to 18% [15] , because of the protection afforded by HbS heterozygous carriage (HbAS, sickle cell trait) against severe P falciparum malaria-related symptoms and death, without serious hematological disadvantage [15] . HbAS is indeed associated with a 90% reduced risk of severe malaria [16] .
It has been shown that HbAS iRBCs display lower amounts of VAR2CSA, which are aberrantly presented because they are anchored in enlarged and dispersed knobs, correlating with reduced cytoadherence capacity to CSA [17, 18] . However, little is known about the potential protection of HbS against PAM, despite some studies having reported that there was no significant interaction between sickle cell trait and P falciparum infection during pregnancy [19, 20] . Therefore, the influence of the sickle cell trait genotype needs to be investigated in the context of VAR2CSA in the PAM.
Other red blood cell (RBC) disorders, such as glucose-6-phosphate dehydrogenase (G6PD) deficiency and α-thalassemia, coexist in populations affected by P falciparum malaria and by abnormal Hb, and they also confer protection against malaria [21, 22] . The influence of G6PD deficiency on iRBCs cytoadherence has not yet been determined, but a previous study highlighted the abnormal display of PfEMP1 at the surface of α-thalassemia erythrocytes [23] .
In addition, α-thalassemia results from 1 or several deletions of the alpha gene(s) (HBA1 and HBA2) located in the α-globin cluster on chromosome 16 [24] . The most common deletion encountered in sub-Saharan Africa is a deletion of 3.7 kb (α −3.7 deletion). The heterozygous carriage of this deletion (α −3.7 thalassemia trait) is not or only slightly symptomatic, but homozygous deletion can cause hematological alterations or be lethal [25] .
In order to analyze the influence of HbS heterozygous carriage in the cell surface antibody binding during pregnancy, we assessed the ability of Beninese pregnant women's plasma to recognize HbAS and HbAA VAR2CSA-expressing iRBCs. With HbAA iRBCs, the cell surface antibody binding did not change according to maternal HbS carriage, but when iRBCs and plasma were associated according to the same Hb genotype, we observed significantly lower cell surface antibody binding by plasma from HbAS compared with HbAA women. We were able to show that the level of cell surface antibody binding was associated with the anti-VAR2CSA antibody levels in these plasmas, although we did not observe a significant difference between these antibody levels in HbAA compared with HbAS women.
METHODS

Ethics Statement
The study was approved by the Comité Consultatif 
Study Site and Population
The STOPPAM study, conducted in Benin between 2008 and 2011, enrolled 1037 pregnant women early in pregnancy and observed them every month until delivery [26] . Recent data identified 15.8% of women in the cohort as carriers of the HbAS genotype [19] . In the present work, for each woman, we considered some of the data and samples collected during the STOPPAM study, such as peripheral venous blood collected at delivery (plasma was purified from these samples) and thick and thin blood smears prepared to detect P falciparum infection. Thus, we performed a case-control study with 159 plasmas collected at delivery. The cases and controls were matched (1 case for 2 controls) according to the gravidity and P falciparum placental infection, because both are known to increase anti-P falciparum antibody levels [11] (34 primigravidae, 25 secundigravidae, and 100 multigravidae all distributed equivalently into 26 infected and 133 noninfected mothers). Cases comprised women with abnormal HbS (52 HbAS), and controls were women with normal erythrocytes (107 HbAA).
Blood Samples for Erythrocyte Use
Human HbAA erythrocytes were supplied from the "Etablissement Français du Sang". After informed written consent was obtained in accordance with the Declaration of Helsinki, HbAS RBCs were obtained from voluntary donors. Red blood cells were separated from plasma and leucocytes and stored at 4°C before use. All HbAA and HbAS RBCs came from blood group O donors.
Plasmodium falciparum-Infected Erythrocytes Culture
Plasmodium falciparum FCR3 parasites expressing VAR2CSA (selected for their CSA) (Sigma-Aldrich, Saint-Quentin Fallavier, France) adhesion phenotype [27] ) were grown in vitro in human HbAA and HbAS RBCs according to adapted procedures from "Methods in Malaria Research" (https://www.beiresources. org/portals/2/MR4/Methods_In_Malaria_Research-6th_edition. pdf) adapted from Trager and Jensen [28] . In brief, HbAA iRBCs were cultured in RNase protection assay (Roswell Park Memorial Institute [RPMI] 1640 medium (Gibco, Fisher Scientific, Illkirch, France) supplemented with 25 mM HEPES (Gibco), 2 mM L-glutamine (Gibco), 0.05 mg/mL gentamicin (Gibco), 2% AB human serum, and 0.5% AlbuMAX (Gibco). Cultures were maintained at 5% hematocrit in a gas mixture of 5% O 2 , 5.5% CO 2 , and 89.5% N 2 and incubated at 37°C. HbAS RBCs were infected through coculture with late trophozoite and schizont-infected HbAA erythrocytes obtained after magnetic-activated cell sorting (MACS) (Miltenyi Biotec, Paris, France). HbAA and HbAS IRBs were cultured in the same medium described above.
Cell Surface Antibody Binding of Plasmodium falciparum-Infected Red Blood Cells by Plasmas Using Flow Cytometry
Cell surface antibody binding of iRBCs by plasma was conducted using a method adapted from Tuikue Ndam et al [29] . Infected red blood cells collected after MACS were resuspended in phosphate-buffered saline ([PBS] Gibco)-1% bovine serum albumin ([BSA] Roche Diagnostics, Meylan, France) and distributed in 96-well plates (500 000 iRBCs per well). After centrifugation (300 ×g for 2 minutes at room temperature), iRBCs were resuspended in PBS-1% BSA containing plasma (diluted 1:50) and mixed at 1000 rpm for 30 seconds. After 1-hour incubation at room temperature, the cells were washed twice with PBS-1% BSA. Then, antihuman immunoglobulin (Ig)G antibody phycoerythrin (PE)-conjugated (Jackson ImmunoResearch [Interchim], Montluçon, France) (dilution 1:100 in PBS-1% BSA) was added and mixed with the cells at 1000 rpm for 30 seconds. After 1-hour incubation at room temperature and 3 washes with PBS-1% BSA, the cells were resuspended in PBS-2% paraformaldehyde and kept in darkness at 4°C overnight. The following day, the iRBCs were washed 2 times with PBS-1% BSA and resuspended with TO-PRO-3 (Thermo Fisher Scientific) (dilution 1:10 000 in PBS) just before acquisition and analysis by flow cytometry (FACS Canto II BD). Using FlowJo software, the geomean values of PE fluorescence (gated according to TO-PRO-3 fluorescence) were used to characterize the level of cell surface antibody binding of iRBCs. To normalize data between plates, each value was divided by that of a pool of plasmas from pregnant Europeans who had never been infected by P. falciparum.
Molecular Determination of the Glucose-6-Phosphate Dehydrogenase Deficiency and the α-Thalassemia 3.7 Deletion
For each woman, deoxyribonucleic acid (DNA) was extracted primarily from the blood leucocyte fraction (QIAGEN, Courtaboeuf, France). When leucocytes were not available, DNA was extracted by the Chelex method [30] from blood spotted and dried onto Whatman 3 paper.
Glucose-6-phosphate dehydrogenase deficiency results from different mutations in the G6PD gene [31] . Normal G6PD activity is ensured by the G6PD B enzyme proteoform. An A376G mutation (rs1050829) is responsible for the G6PD A variant associated with a minimal loss in enzyme activity [32] . An additional mutation (mainly G202A or T968C in sub-Saharan populations) is responsible for the G6PD A − variant associated with enzyme deficiency. The G6PD
A and A − variants were detected using polymerase chain reaction-restriction fragments length polymorphisms (PCR-RFLP), with a method adapted from Carter et al [33] , and according to the GoTaqFlexi DNA Polymerase (Promega, Charbonnières-les-Bains, France) requirements. For G6PD A determination, Fok I (New England Biolabs, Evry, France) digestion was realized after PCR amplification. When G6PD A variant was identified, the additional mutations G6PD-G202A and G6PD-T968C were sought by PCR-RFLP, using the restriction enzymes NlaIII and NciI (New England Biolabs), respectively.
For α-thalassemia, the most common deletion encountered in sub-Saharan Africa is a deletion of 3.7 kb (α −3.7 deletion) resulting in an α-globin synthesis defect [25] . The gene deletion of 3.7 kb was detected by multiplex PCR with a method adapted from Liu et al [34] and according to the GoTaqFlexi DNA Polymerase (Promega) requirements. deletion carriage (binary variable). Our analyses were adjusted for gravidity and placental P falciparum infection at delivery, and the robust variance method was used to derive the confidence interval and P values of the regression coefficients. The analyses were carried out with STATA software, version 13.1 (STATA Corporation). The significance of deviation from HardyWeinberg equilibrium was tested using the χ 2 goodness-of-fit test.
RESULTS
Characterization of Hemoglobin S, Glucose-6-Phosphate Dehydrogenase, and α-Thalassemia Maternal Genotypes
Of the 1037 women from the STOPPAM study [26] , 635 were already genotyped for HbS carriage [19] . From these 635, we selected 159 individuals to constitute our subcohort for the case-control study. We were then able to determine both G6PD and α-thalassemia genotypes for 79 HbAA and 37 HbAS women (Supplementary  Table 1 ), and a "no α −3.7 deletion" group, comprising women with normal α genes (αα/αα). We checked whether certain combinations of genetic variants were more frequently observed than expected in our sample with a χ 2 test. Because G6PD, HBB, and HBA1/HBA2 are located on 3 different chromosomes, we would expect these RBC disorders to be independent of each other. We first compared the proportions of women carrying none, 1, or both RBC disorders amongst the HbAA and HbAS groups, but we did not see any significant differences between the different groups ( Table 1) . We then tested the association between the inheritance of HbS, G6PD deficiency, and α-thalassemia genotypes in our cohort (data not shown). We only noticed a significant link between α-thalassemia and HbS genotypes (Fisher's exact test, P = 0.007, n = 116) consisting of more αα/α −3.7 genotypes and less α We determined the level of cell surface antibody binding of normal HbAA and HbAS P falciparum-iRBCs and analyzed the impact of Hb, G6PD deficiency, or α-thalassemia maternal genotypes. Using a multivariate analysis, we did not observe a statistically significant difference for the cell surface antibody binding of HbAA iRBCs according to the RBC genotypes of the mothers from whom plasmas were obtained (multivariable linear regression, n = 111) ( Table 2) . We repeated the experiment, using HbAS iRBCs. As was the case for HbAA iRBCs, we did not observe any significant difference in the cell surface antibody binding of HbAS iRBCs according to the RBC genotypes of the mothers from whom plasmas were obtained (multivariable linear regression, n = 110) ( Table 2) . Separately, we assessed the difference in cell surface antibody binding to HbAA and to HbAS iRBCs for each individual plasma sample. Our results showed that binding to HbAA iRBC was higher than to HbAS iRBC (Wilcoxon paired-test, P < 10 -3 , n = 140; data not shown).
Cell Surface Antibody Binding of Infected Red Blood Cells Is Lower for HbAS Mothers When Matching Infected Red Blood Cells to Plasmas From Mothers With the Same Hemoglobin Genotype
To get closer to in vivo biological conditions, we matched iRBCs to plasma samples from mothers with the same Hb genotype. Thus, we compared the cell surface antibody binding to HbAA iRBCs of plasma from HbAA mothers and similarly the cell surface antibody binding to HbAS iRBCs of plasma from HbAS mothers. We observed significantly lower cell surface antibody binding by plasma from HbAS mothers (multivariable linear regression, P < 10 -3 , n = 111, median value of HbAA group = 2.60; median value of HbAS group = 1.13) (Figure 1 ). The G6PD A − variant and α −3.7 deletion carriages were also included in the multivariate analysis as covariates but did not impact this observation (Table 3 ). All subsequent tests were conducted considering cell surface antibody binding when iRBCs and plasmas were matched by Hb genotype.
The Cell Surface Antibody Binding of Infected Red Blood Cells Is Associated With the Anti-VAR2CSA Antibody Level
VAR2CSA is the antigen involved in the cytoadherence of iRBCs to CSA, causing their sequestration in the placenta, and is a promising placental malaria vaccine candidate [35] . The cell surface antibody binding of VAR2CSA-expressing iRBCs that we assessed could plausibly reflect multiple antibody-antigen interactions. Previous work measured the anti-VAR2CSA antibody levels for all plasma samples of the STOPPAM cohort taken at delivery. In brief, levels of anti-VAR2CSA antibodies were determined in plasma samples (at dilution 1:100) using an enzyme-linked immunosorbent assay (ELISA) assay targeting 0.5 μg/mL full-length ectodomain of VAR2CSA [11, 36] . We used these data to test the association of the iRBCs cell surface antibody binding and the corresponding antibody levels, when RBC and plasma Hb genotypes were matched (Table 4) . We observed a significant positive association between the anti-VAR2CSA antibody levels and the iRBCs cell surface antibody binding (multivariable linear regression, P < 10 -3
, n = 140). We then assessed the association between this antibody level and maternal Hb genotype, but we found no significant difference in the level of anti-VAR2CSA antibodies between HbAA and HbAS women (multivariable linear regression, n = 114) ( Figure  2 ). In addition, these antibody levels did not vary according to G6PD A − variant or α −3.7 deletion carriages (Table 5 ).
DISCUSSION
It is well known that HbS heterozygous carriage affords relative protection against severe forms of malaria, but whether the HbAS genotype also confers a selective protective advantage against PAM remains to be determined. In this study, using plasma samples from a cohort of Beninese pregnant women, we assessed the impact of maternal HbAS genotype on the cell surface antibody binding of plasma antibodies to iRBCs during PAM. Our findings are consistent with previous studies, showing a significant increase in the level of surface recognition of iRBCs by plasma as a function of gravidity, independently of maternal genotypes [11] . However, we observed significantly lower cell surface antibody binding of iRBCs by plasma from HbAS mothers than by plasmas from HbAA mothers when iRBCs and plasmas were matched according to Hb genotype. This lower cell surface antibody binding suggests modifications in the interactions between antigens and antibodies and could be explained by 2 main hypotheses: (1) HbAS women have a lower amount of antibodies recognizing the different antigens present on the iRBC surface, and (2) HbAS iRBCs display lower amounts of the recognized antigens and/or abnormally presented forms of these antigens, altering the capacity for antibody-mediated recognition. In previous work, we measured the level of anti-VAR2CSA antibody in women in the STOPPAM cohort [11] , offering us a way to test the first hypothesis. Because VAR2CSA is the parasite ligand involved in the cytoadherence of iRBCs to CSA in PAM, and because women develop anti-VAR2CSA antibodies during successive pregnancies, it is plausible to imagine that the cell surface antibody binding of VAR2CSA is a major component of the overall cell surface antibody binding of iRBCs. To confirm this hypothesis, we first tested the association of the cell surface binding with the level of anti-VAR2CSA antibodies, and we revealed a positive association between these 2 factors. The levels of the antibodies measured by ELISA were nevertheless not significantly different between HbAA and HbAS mothers. However, cell surface antibody binding for each individual sample was shown by paired analyses to be significantly higher to HbAA compared with HbAS iRBC. All of these results suggest that the lower level of cell surface antibody binding of iRBCs by plasma from HbAS ) were normalized to the value (MFI 0 ) obtained by a pool of plasmas derived from European pregnant women. P value was based on a multivariate linear regression to determine the association between cell surface antibody binding and maternal Hb genotype (HbAA or HbAS), adjusted for gravidity, malaria infection, glucose-6-phosphate dehydrogenase A − variant, and α −3.7 deletion carriages (n = 111). Box and whisker plots illustrate medians with 75th and 25th percentiles (boxes) and 90th and 10th percentiles (whiskers). women, when RBC and plasma Hb genotypes were matched, is not due to lower amounts of antibodies recognizing VAR2CSA. Thus, our findings suggest that the expression of VAR2CSA is decreased and/or abnormal on HbAS iRBCs. Previous studies have documented lower levels of display of VAR2CSA [17] or PfEMP1 [37] at the HbAS iRBC surface. These studies also highlighted the abnormally shaped, heterogeneously distributed knobs on HbAS RBCs [37] . In this study, we cannot exclude the possibility that the cell surface antibody binding of other iRBC surface antigens may account for the lower total surface recognition of iRBCs by plasma of HbAS mothers, but the study by Chan et al [38] suggests that it is indeed PfEMP1 on iRBCs that is the principal target of anti-VSA antibodies. However, we could not exclude the possibility that the IgG affinity for the recognized antigens at the iRBC surface may be stronger for HbAA women.
CONCLUSIONS
Immunity during pregnancy, notably antibody-mediated recognition of VAR2CSA-expressing iRBCs, has been investigated in previous studies [11, 39] . Nevertheless, this study is the first to investigate the impact of abnormal HbS in the development of humoral immunity to malaria during pregnancy. It is also important to note that over half of our study group carried the α −3.7 deletion, in line with what has been previously found in neighboring Togo [40] . women. Malaria-protective effects of the combination of both polymorphisms have been studied, and a negative epistasis between sickle cell trait and heterozygous α-thalassemia carriage in relation to protection against malaria has already been described [42, 43] . However, according to our findings, it is important to match plasma and erythrocyte genotypes. To characterize the influence of G6PD deficiency and α-thalassemia, which do not show here any impact on cell surface antibody binding of HbAS erythrocytes, it would be necessary to study first these genetic defects separately and to consider their cocarriage with HbS thereafter, matching ideally in each experiment the plasma and the erythrocyte genotypes to better reproduce in vivo conditions, as we did here with HbAS iRBCs. Our results highlight the importance (1) of taking into account the Association between the level of anti-VAR2CSA antibody and maternal hemoglobin (Hb) genotype. The antibody levels data come from a previously published work. The antibody levels were measured by enzyme-linked immunosorbent assay [11] , and values were converted to arbitrary units (A.U.) [36] . P value was based on a multivariate linear regression to determine the association between the level of anti-VAR2CSA antibody and maternal Hb genotype (HbAA or HbAS), adjusted for gravidity, malaria infection, glucose-6-phosphate dehydrogenase A − variant, and α −3.7 deletion carriages (n = 114). Box and whisker plots illustrate medians with 75th and 25th percentiles (boxes) and 90th and 10th percentiles (whiskers). Hb genotype of the mothers from whom plasmas are derived and (2) of the erythrocytes used for the in vitro assay of cell surface antibody binding, because RBC disorders could influence the export and/or the presentation of antigens. Furthermore, this study reinforces the hypothesis of VAR2CSA abnormal display at the HbAS erythrocyte surface, illustrating the consequence on HbAS iRBC surface recognition by HbAS plasmas. Despite the fact that sickle cell trait is the most widespread erythrocyte disorder in Africa, on the basis of our biological data we could not draw definitive conclusions on the impact of the HbAS genotype on PAM. Nevertheless, the same scientific strategy needs to be applied with respect to all the different genetic disorders, such as HbAC that is known to have an impact on LBW for example [19] , as well as G6PD deficiency and α-thalassemia.
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